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Abstract
Li-ion-conducting solid electrolytes are receiving considerable attention for use in advanced batteries. These electrolytes would
enable use of a Li metal anode, allowing for batteries with higher energy densities and enhanced safety compared to current Liion systems. One important aspect of these electrolytes that has been overlooked is their mechanical properties. Mechanical
properties will play a large role in the processing, assembly, and operation of battery cells. Hence, this paper reviews the elastic,
plastic, and fracture properties of crystalline oxide-based Li-ion solid electrolytes for three different crystal structures:
Li6.19Al0.27La3Zr2O12 (garnet) [LLZO], Li0.33La0.57TiO3 (perovskite) [LLTO], and Li1.3Al0.3Ti1.7(PO4)3 (NaSICON) [LATP].
The experimental Young’s modulus value for (1) LLTO is ~ 200 GPa, (2) LLZO is ~ 150 GPa, and (3) for LATP ~ 115 GPa. The
experimental values are in good agreement with density functional theory predictions. The fracture toughness value for all three
of LLTO, LLZO, and LATP is approximately 1 MPa m−2. This low value is expected since, they all exhibit at least some degree of
covalent bonding, which limits dislocation mobility leading to brittle behavior.
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Introduction
Many new battery chemistries based on the use of a metallic
Li anode are under consideration in order to increase the energy density over the presently used Li-ion batteries. These
include aqueous Li-air and all solid-state batteries. These batteries require a solid Li-ion-conducting electrolyte. The major
requirements for the solid Li-ion-conducting electrolyte are
high Li-ion conductivity, low electronic conductivity, and
chemical/electrochemical stability with the Li anode/
cathodes [1–5]. In many applications, the solid electrolyte
may also be required to exhibit adequate mechanical properties. These include the elastic, plastic, and fracture properties
of the solid electrolyte. A scenario where elastic properties are
important was described by Monroe and Newman [5]. Using

the linear elasticity theory, it was shown that to prevent the
initiation of dendrites during charging at the Li electrode/solid
electrolyte interface, the shear modulus of the Li-ionconducting solid electrolyte must be greater than twice the
shear modulus of Li. Regarding fracture properties, it has been
recently suggested that the critical current (maximum current
above which Li dendrite formation occurs) during charging is
dependent on the fracture stress (higher fracture stress, higher
critical current) of the Li-ion-conducting solid electrolyte [6].
At present, information on the mechanical properties of solid
Li-ion conductors is limited. Thus, it is the purpose of this
paper to present a short summary of the recent work on the
elastic, plastic, and fracture properties of crystalline oxidebased Li-ion solid electrolytes for three different crystal structures (garnet, perovskite, and NaSICON).
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Young’s modulus, E, is a measure of the stiffness of a solid
material. It is an elastic property which depends on the bonding and crystal structure of the solid. It is independent of
microstructure (e.g., gran size).
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The Young’s modulus for Li6.19Al0.27La3Zr2O12 (garnet)
[7, 8], Li6.5La3Ta0.5Zr1.5O12 (garnet) [8], Li0.33La0.57TiO3
(perovskite) [9–11], Li1.3Al0.3Ti1.7(PO4)3 (NaSICON) [12] is
listed in Table 1. Also shown in Table 1 is the technique used
to determine E. From Table 1, several important points are
noted. Firstly, it can be observed that E for Li0.33La0.57TiO3
[ L LT O ] ~ 2 0 0 G P a , f o r L i 6 . 1 9 A l 0 . 2 7 L a 3 Z r 2 O 1 2 /
Li 6 . 5 La 3 Ta 0 . 5 Zr 1 . 5 O 1 2 [LLZO] ~ 150 GPa, and for
Li1.3Al0.3Ti1.7(PO4)3 [LATP] ~ 115 GPa. LLTO has the
highest E value, while LATP has the lowest value. The experimental E values can be compared to theoretical values predicted using density functional theory (DFT). DFT predicts ~
234 GPa for Li 0 . 1 3 La 0 . 6 3 TiO 3 [13], ~ 150 GPa for
Li 6.19 Al 0.27 La 3 Zr 2O 12 /Li 6.5La 3 Ta 0.5 Zr 1.5 O 12 [8], and ~
143 GPa for LiTi2 (PO4)3 [13]. The DFT values are in close
agreement with the experimental values and exhibit the same
trend, in that LLTO has the highest E value while LATP has
the lowest value. Secondly, the values determined using
acoustic impulse excitation are in good agreement with those
determined by nanoindentation. Acoustic impulse excitation
gives information on bulk polycrystalline elastic properties
whereas, nanoindentation examines single grains within the
sample.
LLTO and LATP are not stable with metallic Li since, they
contain Ti+4 which will be reduced to Ti+3 when in contact
with Li, leading to undesirable electronic conduction.
Therefore, we focus the remainder of our elastic properties
discussion on LLZO, which does not contain redox-active
species. The E value for LLZO can be used to estimate its
shear modulus, G, from which LLZO’s resistance to Li dendrite nucleation during cycling can be predicted. As previously mentioned, the perturbation analysis of Monroe and
Newman [5] suggested to prevent dendrite nucleation that
the shear modulus of a solid lithium-conducting electrolyte
should be at least twice that of Li metal. To assess whether
this criterion is met for LLZO, Young’s modulus for LLZO
must be converted to a shear moduli. In an isotropic elastic
solid, the shear modulus is related to Young’s modulus and
Poisson’s ratio, ν, through the following relation [8]:
G¼

E
2ð 1 þ v Þ

ð1Þ

A Poisson’s ratio of 0.26 determined using resonant ultrasound spectroscopy for LLZO was used in the present calculations [7]. From Eq. (1), the predicted shear modulus value
for LLZO is ~ 60 GPa. The shear modulus value for Li is ~
5 GPa [8]. Since the shear modulus of LLZO (~ 60 GPa) exceeds the critical shear modulus criterion (~ 10 GPa), no Li
dendrite nucleation is expected. However, dendrite formation
has been observed in LLZO at current densities >
0.5 mA cm−2 [14–18]. It has been recently observed that Li
preferentially deposits along LLZO grain boundaries [19].

Thus, if the stability criterion of Monroe and Newman [5] is
correct, then based on the above result, it may be more appropriate to consider the shear modulus for the grain boundary,
GGB, and not the polycrystalline value listed in Table 1 to
determine if dendrites will form. It has been suggested that
because of the large excess volume associated with a grain
boundary, EGB can have values ranging from ~ 0.6 to 0.2 of
the E values listed in Table 1 [20]. This results in GGB values
ranging from 36 to 12 GPa. Since the lower end value (~
12 GPa) is close to the stability threshold [5] (~ 10 GPa), it
is possible that the Monroe-Newman criterion is still valid
when interpreted in this manner; however, more work on the
mechanical properties of grain boundaries in LLZO is needed
to verify this.
In addition to the shear modulus, the value of E can be used
to predict the fracture stress, σf,
σ f ¼ ðEγ=πaÞ1=2

ð2Þ

where γ is the energy for fracture and a is the critical flaw size,
if γ and a are known. It can also be used to predict fracture
toughness, Kc, if γ is known [21, 22].
K c ¼ ðEγ Þ1=2

ð3Þ

Conversely, knowing the value of E and the fracture stress
or fracture toughness and the critical flaw size allows for determination of the energy for fracture.

Plastic properties (hardness)
Hardness, H, is usually defined as resistance to deformation. It
is a plastic property which depends on the bonding, crystal
structure, and microstructure (e.g., grain size).
Nanoindentation/microindentation hardness is a useful probe
for the strength of a brittle material because the indentation
stress field has a significant compressive hydrostatic component which reduces the chance for fracture, by preventing
crack propagation and hence, allows the material to deform
plastically.
The nanoindentation or microindentation hardness values
for LLZO [28], LLTO [9, 11, 27], and LATP [9] are listed in
Table 2, along with associated microstructural variables. For
the case of nanoindentation, loads typically range from 1 to
500 μN with indent impressions ~ 1 μm or less [23, 24]. For
the case of microindentation measured using a Vickers indenter, loads typically range from 1 to 10 N with indent impressions as large as 20 μm [25, 26]. The hardness values for the
nanoindentation measurements were taken where the hardness
was independent of depth and for the case of the microhardness measurements where the hardness was independent of
load. Nanoindentation has the capability to examine single
grains within the sample, while microindentation usually
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Table 1 Elastic modulus (E)
Material

Technique

Sample grain size (μm)

Sample relative density
(%)

E (GPa)

Li6.19Al0.27La3Zr2O12
[7]
Li6.19Al0.28La3Zr2O12
[8]

RUS

5

97

150 ± 0.4

Nano

5–50

99

Li6.5La3Zr1.5Ta0.5O12
[8]
Li0.33La0.57TiO3 [9]
Li0.33La0.57TiO3 [10]
Li0.33La0.57TiO3 [11]
Li0.33La0.57TiO3 [11]
Li0.33La0.57TiO3 [11]
Li1.3Al0.3Ti1.7(PO4)3
[12]

Impulse
Nano
Impulse
Nano
Impulse
Impulse
Impulse
Impulse
Stress-Strain

1–10

99

0.8
2.4
1.5
2.5
13
1.7

97
99
95
99
99
96

150 ± 2.2
146 ± 0.8
140 ± 2.1
154 ± 2.7
200 ± 3
223
143
199
203
115

RUS resonant ultrasound spectroscopy, Nano nanoindentation, Impulse acoustic impulse excitation, Stress-Strain
slope of stress-strain curve

samples several grains in a polycrystalline material and thus,
can be a function of grain size. It is well known that hardness
tends to increase as grain size decreases [21, 22]. From
Table 2, it is observed that the Vickers hardness values for
LLTO range from 8.1 to 9.5 GPa [9, 11, 27]. For all LLTO
samples listed in Table 2, there is no significant difference in
relative density and four out of the five samples exhibit a
similar grain size. Thus, it would be expected that these four
samples would exhibit similar hardness values. Indeed, three
out of the four do have similar values close to 9.5 GPa. The
fourth sample has a lower value of 8.1 GPa. At present, the
reasons for this low value are not known. The hardness value
for LLZO determined by nanoindentation and microhardness
measurements is ~ 9.1 GPa [28]. For LATP with a nanoscale
grain size (300 nm), the hardness determined by nanoindentation is ~ 7.1 GPa.
Hardness values can also be used to determine the nature of
atomic bonding. Gilman [29] and Chin [30] reported that the
ratio of the hardness to the shear modulus for crystals is relatively constant for different types of bonding: For covalent,

ionic, and metallic bonding, H/G ~ 0.1, H/G ~ 0.01, and H/G
~ 0.006, respectively [29, 30]. The modulus (Table 1) and
hardness (Table 2) data can be used to calculate the GilmanChin parameter (H/G) for LLTO, LLZO, and LATP to determine their dominant bonding type. The shear modulus was
estimated using data from Table 1 and Eq. (1) with ν = 0.26.
The H/G values for LLZO, LATP, and LLTO are ~ 0.12, 0.11,
and 0.15, respectively. The H/G values for LLTO, LLZO, and
LATP are similar, suggesting that they all exhibit similar, covalent bonding according to the Gilman-Chin metric. This
result is in agreement with DFT predictions [9].

Fracture properties (fracture toughness)
Fracture toughness is the ability of a material containing a
crack to resist fracture. It depends on bonding, crystal structure, and microstructure [21, 22, 31]. It is an important property for solid-state electrolytes since, it represents resistance to
rapid fracture that could occur during cell assembly or battery
operation.

Table 2 Hardness (H)
Material

Technique

Li6.19Al0.27La3Zr2O12
[28]
Li0.33La0.57TiO3 [9]
Li0.33La0.57TiO3 [27]
Li0.33La0.57TiO3 [11]
Li0.33La0.57TiO3 [11]
Li0.33La0.57TiO3 [11]
Li1.3Al0.3Ti1.7(PO4)3 [9]

Nano/micro
Micro
Micro
Micro
Micro
Micro
Nano

Sample relative density
(%)

H (GPa)

4

98

9.1 ± 0.53

0.8
1.5
1.5
2.5
13
0.3

97
94
95
99
99
99

9.5 ± 0.72
9.4 ± 0.84
8.1 ± 0.75
9.5 ± 0.63
8.4 ± 0.48
7.1 ± 0.44

Sample grain size
(μm)

Nano nanoindentation (Berkovich indenter), Micro microindentation (Vickers indenter)

Ionics

Fracture toughness values for LLZO [28, 32], LLTO [9,
11], and LATP [12] are listed in Table 3. Also shown in
Table 3 are the techniques (indentation or single edge notched
bending) used to determine Kc and the microstructural properties (grain size and relative density). From Table 3, several
important points are noted. Firstly, all Kc values are ~
1 MPa m−2. Secondly, for LLTO, similar Kc values were exhibited using the indentation and single edge notch bending
methods.
In general, ceramics exhibit fracture toughness values from
~ 0.5 to 5 MPa m−2, with values between ~ 0.5 and 2 MPa m−2
for single crystals and for polycrystals between ~ 2 and
5 MPa m−2 [21, 22, 31]. In contrast, metals exhibit much
higher fracture toughness values, with values between ~ 20
to 100 MPa m−2 [33]. The Kc values for LLZO, LLTO, and
LATP are near the low end of single crystal values. This observation suggests LLZO, LLTO, and LATP are extremely
brittle, similar to glass. This is expected, since they all exhibit
covalent bonding, which results in a high Peierls stress that
limits dislocation mobility and hence, reduced plastic deformation at room temperature, leading to brittle behavior.
It has been recently suggested that the nucleation of Li
dendrites is a function of the grain boundary (ionic) conductivity and fracture stress of the Li-ion-conducting solid electrolyte [6]. The higher the grain boundary conductivity and
fracture stress, the higher the critical current (the current at
which dendrite nucleation occurs). The fracture stress can be
calculated from fracture toughness data using the equation
[21, 22]:
σ f ¼ K c ðπ ac Þ−1=2

ð4Þ

The critical flaw size for LLZO, ac, is the largest microstructural parameter, either the pore or grain size [31, 34].
Microscopic examination of hot-pressed LLZO samples revealed that all pores had sizes less than the grain size of ~
4 μm. Thus, ac in Eq. (4) is set to 4 μm (grain size) for LLZO.
Inserting this value into Eq. (4) with Kc = 1 MPa m−2, yields σf
~ 280 MPa. No experimental fracture stress data exists for
LLZO to compare to this prediction. However, the predicted
value can be compared to the fracture stress value for another
oxide with the garnet structure, Y3Al5O12 (YAG). The measured fracture stress of polycrystalline YAG of similar relative
density and grain size is ~ 290 MPa [35]. This value is in
excellent agreement with the predicted value for LLZO. The
fracture stress for LLTO ranges from 150 to 250 MPa [10, 11],
while that for LATP is around 150 MPa [12].
The low fracture toughness of LLZO, LLTO, and LATP
needs to be increased without a decrease in ionic conductivity.
One possible solution is to form a composite mixture by
adding a second phase which has a different thermal expansion coefficient and elastic modulus than the matrix. This approach has been used to increase not only the fracture

toughness but also the fracture strength of Na-ionconducting beta-alumina through the incorporation of a second phase, ZrO2 (~ 15 vol%), into the beta-alumina matrix
[36]. It was observed that the addition of ZrO2 increased the
fracture strength by 50%, from 200 to 300 MPa, and doubled
the fracture toughness, from 2 to 4 MPa m−2 [36]. The improvement in strength/toughness was attributed to grain size
refinement and crack deflection/branching [36].
Adopting this strategy, the addition of ZrO2 (10 vol%) to
LLZO was attempted as a means to increase its fracture toughness. After heat treatment at 1 h at 1100 °C, X-ray diffraction
of the ZrO2/LLZO mixture revealed that the following reaction occurred: Li 7La3Zr 2O12 + ZrO2 → Li7La3Zr 2O12 +
ZrO2 + La2Zr2O7 + Li2ZrO3. A significant amount of LLZO
had reacted with zirconia to form pyrochlore (La2Zr2O7) and
lithium zirconate (Li2ZrO3). Attempts to add other oxides
such as Al2O3 or YAG to LLZO also revealed a significant
reaction had occurred between these second phase oxides and
LLZO to form pyrochlore and lithium zirconate. In addition, it
was observed that after heat treatment at 1 h at 1100 °C, the
addition of second phase SiC or Si3N4 (~ 10 vol%) had reacted
with LLZO to also form a significant amount of pyrochlore.
For the case of Si3N4, the majority phase remaining after heat
treatment was pyrochlore and not LLZO.
Another attempt to increase the fracture toughness of
LLZO was undertaken by manipulation of the microstructure.
The two major microstructural variables for a single-phase
material are grain size and porosity. It has been shown that
changing the grain size in the micron grain size region for a
cubic material will not lead to an increase in fracture toughness [37, 38]. Thus, it was decided to vary the porosity by
varying the relative density and observe its effect on fracture
toughness. It was observed for LLZO with a relative density ~
98% that Kc ~ 1 MPa m−2. As the relative density decreased to
~ 85%, Kc more than doubled to a value ~ 2.4 MPa m−2. The
grain size remained about the same for these two relative
densities. The fracture mode changed from almost entirely
transgranular at 98% relative density to almost completely
intergranular at 85% relative density. The increase in fracture
toughness and change in facture mode as relative density decreased was a result of the increased porosity along grain
boundaries, which lead to weakening of the grain boundaries
promoting a crack deflection toughening mechanism [28].
However, it was observed that as the fracture toughness increased, the total ionic conductivity decreased by a factor of
about 30, mainly as a result of the increase in grain boundary
resistance [28].
Another possible solution could be the addition of a high
Li-ion conductivity second phase (e.g., glass) along the LLZO
grain boundaries that allows for high Li-ion conductivity
across the grain boundaries but, when subjected to a mechanical stress, would preferentially fracture along the grain
boundaries giving improved toughness.
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Table 3 Fracture toughness (Kc)

Sample relative density
(%)

Kc
(MPa m−2)

5

97

1.25 ± 0.32

Indentation

4

98

0.97 ± 0.11

Indentation
SENB
SENB
SENB
SENB

0.8
1.5
2.5
13
1.7

97
95
99
99
96

1 ± 0.0.42
1.15 ± 0.11
1.18 ± 0.09
1.24 ± 0.12
1.1 ± 0.30

Material

Technique

Sample grain size
(μm)

Li6.19Al0.27La3Zr2O12
[33]
Li6.19Al0.27La3Zr2O12
[28]
Li0.33La0.57TiO3 [9]
Li0.33La0.57TiO3 [11]
Li0.33La0.57TiO3 [11]
Li0.33La0.57TiO3 [11]
Li1.3Al0.3Ti1.7(PO4)3
[12]

Indentation

For indentation, Vickers indenter was used
SENB single edge notch bending

Summary
This paper presents a brief review of the elastic, plastic, and
fracture toughness properties of three crystalline oxide-based
Li-ion-conducting solid electrolytes: (1) Li0.33La0.57TiO3
[LLTO], (2) Li6.19Al0.27La3Zr2O12/Li6.5La3Ta0.5Zr1.5O12
[LLZO], and (3) Li1.3Al0.3Ti1.7(PO4)3 [LATP]. The most important observations are summarized as follows:
1. The experimental Young’s modulus, E, for (1) LLTO is ~
200 GPa, (2) LLZO is ~ 150 GPa, and (3) LATP is ~
115 GPa. The experimental values are in good agreement
with density functional theory predictions. The shear
modulus of LLZO is sufficient to prevent Li dendrite nucleation according to the stability criterion of Monroe and
Newman [5]. However, recent experimental findings
(showing dendrite penetration along grain boundaries)
suggest that this criterion should be modified to reflect
the moduli of the grain boundaries, which could be significantly softer than the bulk.
2. The hardness value, H, for (1) LLTO ~ 9.5 GPa, (2)
LLZO~ 9.1 GPa, and (3) LATP~ 7.1 GPa. The ratio H/G
for LLTO, LLZO, and LATP was similar, suggesting that
they all have the same type of dominant bonding: covalent bonding. This result is in agreement with DFT
predictions.
3. The fracture toughness, Kc, for LLTO, LLZO, and LATP
are all approximately 1 MPa m−2. This value suggests
LLZO, LLTO, and LATP are extremely brittle. This is
expected since they all exhibit covalent bonding, which
results in a high Peierls stress that limits dislocation mobility and hence, plastic deformation at room temperature.
Attempts to increase the Kc of LLZO through the addition
of second phase oxide/carbide/nitride particles were unsuccessful due to chemical reactivity issues. The fracture
stress for LLTO, LLZO, and LATP ranges from ~ 150 to
300 MPa.

Funding information JW and JAL acknowledge support from the Army
Research Laboratory. JW, JS, and DJS acknowledge financial support by
the US Department of Energy (DOE), Office of Energy Efficiency and
Renewable Energy (EERE), Vehicle Technologies Office (VTO), and
Advanced Battery Material Research (BMR) programs grant no. DEEE00006821.

References
1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

Knauth P (2009) Inorganic solid Li ion conductors. Solid State
Ionics 180(14-16):911–916. https://doi.org/10.1016/j.ssi.2009.03.
022
Fergus JW (2010) Ceramic polymeric solid electrolytes for lithiumion batteries. J Power Sources 195(15):4554–4560. https://doi.org/
10.1016/j.jpowsour.2010.01.076
Thangadurai V, Narayanan S, Pinzaru D (2014) Garnet-type solidstate fast Li ion conductors for Li batteries: critical review. Chem
Soc Rev 43(13):4714–4727. https://doi.org/10.1039/c4cs00020j
Goodenough JB (1984) Review lecture: fast ionic conduction in
solids. Proc R Soc Lond A 393(1805):215–234. https://doi.org/
10.1098/rspa.1984.0055
Monore C, Newman J (2005) The impact of elastic deformation on
deposition kinetics at lithium/polymer interfaces. J Electrochem
Soc 9:A396–A404
Raj R, Wolfenstine J (2017) Current limit diagrams for dendrite
formation in solid-state electrolytes for Li-ion batteries. J Power
Sources 343:119–126. https://doi.org/10.1016/j.jpowsour.2017.01.
037
Ni JE, Case ED, Sakamoto JS, Rangasamy E, Wolfenstine JB
(2012) Room temperature elastic moduli and Vickers hardness of
hot-pressed LLZO cubic garnet. J Mat Sci 47(23):7978–7985.
https://doi.org/10.1007/s10853-012-6687-5
Yu S, Schmidt RD, Garcia-Mendez R, Herbert E, Dudney NJ,
Wolfenstine JB, Sakamoto J, Siegel DJ (2015) Elastic properties
of the solid electrolyte Li7La3Zr2O12 (LLZO). Chem Mater 26:
197–206
Cho YH, Wolfenstine J, Rangasamy E, Kim H, Choe H, Sakamoto
J (2012) Mechanical properties of the solid Li-ion conducting electrolyte: Li0.33La0.57TiO3. J Mat Sci 47(16):5970–5977. https://doi.
org/10.1007/s10853-012-6500-5
Cooper C, Sutorik AC, Wright J, Luoto A III, Glide G, Wolfenstine
J (2014) Mechanical properties of hot isostatically pressed
Li0.35La0.55TiO3. Adv Eng Mater 16(6):755–759. https://doi.org/
10.1002/adem.201400071

Ionics
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.
23.

Schell KG, Lemke F, Bucharsky EC, Hintennach A, Hoffman MJ
(2017) Microstructure and mechanical properties o f
Li0.33La0.567TiO3. J Mat Sci 52(4):2232–2240. https://doi.org/10.
1007/s10853-016-0516-1
Jackman SD, Cutler RA (2012) Effect of microcracking on ionic
conductivity in LATP. J Power Sources 218:65–72. https://doi.org/
10.1016/j.jpowsour.2012.06.081
Deng Z, Wang Z, Chu IK, Luo J, Ong SP (2016) Elastic properties
of alkali superiomic conductor electrolytes from first principle calculations. J Electrochem Soc 163(2):A67–A74. https://doi.org/10.
1149/2.0061602jes
Ren Y, Shen Y, Lin Y, Nan CW (2015) Direct observation of lithium
dendrites inside garnet-type lithium-ion solid electrolyte.
Electrochem Commun 57:27–30. https://doi.org/10.1016/j.elecom.
2015.05.001
Sharafi A, Meyer HM, Nanda J, Wolfenstine SJ (2016)
Characterizing the Li-Li7La3Zr2O12 interface stability and kinetics
as a function of temperature and current density. J Power Sources
302:135–139. https://doi.org/10.1016/j.jpowsour.2015.10.053
Ishiguro K, Nakata Y, Matsui M, Uechi I, Takeda Y, Yamamoto O,
Imanishi N (2013) Stability of Nb-doped cubic Li7La3Zr2O12 with
lithium metal. J Electrochem Soc 160(10):A1690–A1693. https://
doi.org/10.1149/2.036310jes
Sudo R, Nakata Y, Ishiguro K, Matsui M, Hirano A, Takeda Y,
Yamamoto O, Imanishi N (2014) Interface behavior between
garnet-type lithium conducting solid electrolyte and lithium metal.
Solid State Ionics 262:151–154. https://doi.org/10.1016/j.ssi.2013.
09.024
Kim Y, Yoo A, Schmidt R, Sharafi A, Lee H, Wolfenstine J,
Sakamoto J (2016) Electrochemical stability of
Li6.5La3Zr1.5M0.5O12 (M=Nb or Ta) against Li metal. Front
Energy Res 4:1–7
Cheng EJ, Sharafi A, Sakamoto J (2017) Intergranular Li metal
propagation through polycrystalline Li6.25Al0.25La3Zr2O12 ceramic
electrolyte. Electrochim Acta 223:85–91. https://doi.org/10.1016/j.
electacta.2016.12.018
Zhang TY, Hack JE (1992) On the elastic stiffness of grain boundaries. Phys Stat Sol A 131(2):437–443. https://doi.org/10.1002/
pssa.2211310218
Chiang YM, Birnie D, Kingery WD (1997) Physical ceramics. John
Wiley & Sons, New York
Barsum MV (1997) Fundamentals of ceramics. The McGraw Hill
Companies, Inc., New York
Schiffmann KI (2011) Determination of fracture toughness of bulk
materials and thin films by nanoindentation: comparison of different models. Phil Mag 91(7-9):1163–1178. https://doi.org/10.1080/
14786435.2010.487984

24.

25.

26.

27.

28.

29.
30.

31.
32.

33.
34.
35.

36.

37.

38.

Dey A, Mukhopadhyay AK (2011) Fracture toughness of
microplasma-sprayed hydroxyapatite coating by nanoindentation.
Int J Appl Ceram Technol 8(3):572–590. https://doi.org/10.1111/j.
1744-7402.2010.02538.x
Sidreshmukh DB, Sidreshmukh L, Subhadra KG, Kishan Rao K,
Bal Laxman S (2001) Systematic hardness measurements on some
rare earth garnet crystals. Bull Mater Sci 24(5):469–473. https://doi.
org/10.1007/BF02706717
Quinn GD, Bradt RC (2007) On the Vickers indentation fracture
toughness test. J Am Ceram Soc 90(3):673–680. https://doi.org/10.
1111/j.1551-2916.2006.01482.x
Wolfenstine J, Allen JL, Read J, Sakamoto J, Gonzalez-Doncel G
(2010) Hot-pressed Li0.33La0.57TiO3. J Power Sources 195(13):
4124–4128. https://doi.org/10.1016/j.jpowsour.2009.12.109
Kim Y, Jo H, Allen JL, Choe H, Wolfenstine J, Sakamoto J (2016)
The effect of relative density on the mechanical properties of cubic
Li7La3Zr2O12. J Am Ceram Soc 99(4):1367–1374. https://doi.org/
10.1111/jace.14084
Gilman JJ (1960) The plastic resistance of crystals. Aust J Phys
13(2):327–346. https://doi.org/10.1071/PH600327a
Chin GY, Wernick JH, Geballe TG, Mahajan S, Nakahara S (1978)
Hardness and bonding in A15 superconducting compounds. Appl
Phys Lett 33(1):103–105. https://doi.org/10.1063/1.90170
Davidge RW (1979) Mechanical behavior of ceramics. Cambridge
University Press, Cambridge
Wolfenstine J, Jo H, Cho YH, David IN, Aseland P, Case ED, Kim
H, Choe H, Sakamoto J (2013) A preliminary investigation of fracture toughness of Li7La3Zr2O12 and its comparison to other solid
Li-ion conductors. Mater Lett 96:117–120. https://doi.org/10.1016/
j.matlet.2013.01.021
Callister WD Jr (2005) Fundamentals of materials science and engineering. John Wiley & Sons, New York
Davidge RW, Evans AE (1970) The strength of ceramics. Mat Sci
Eng 6(5):281–298. https://doi.org/10.1016/0025-5416(70)90064-9
Meziex L, Green DJ (2006) Comparison of the mechanical properties of single and polycrystalline yttrium aluminum garnet. Int J
Appl Ceram Technol 3(2):166–176. https://doi.org/10.1111/j.
1744-7402.2006.02068.x
Lu X, Guanguang X, Lemmon JP, Yang Z (2010) Advanced materials for sodium-beta-alumina batteries: status, challenges and perspectives. J Power Sources 195(9):2431–2442. https://doi.org/10.
1016/j.jpowsour.2009.11.120
Rice RW, Freiman SW, Becher PF (1981) Grain-size dependence of
fracture energy in ceramics: I, experiment. J Am Ceram Soc 64(6):
345–350. https://doi.org/10.1111/j.1151-2916.1981.tb10300.x
Rice RW (1996) Grain size and porosity dependence of ceramic
fracture energy and toughness at 22 degrees C. J Mater Sci 31(8):
1969–1983. https://doi.org/10.1007/BF00356616

